The development of sensors for monitoring hazardous materials in security and environmental applications has been increasing in the last few years. In particular, organophosphates pose a serious health threat that affects the food and agriculture industries. Hence, their rapid on-site detection is highly desired, especially through remote robotic sampling that can minimize the exposure of humans to these hazardous chemicals. To handle sample collection, a robotic manipulator requires tactile feedback, to ensure that no damage will be done to either the robot or the other object in contact due to excessive force. To provide tactile feedback, porous polydimethylsiloxane pressure sensors based on a capacitive mechanism were chosen here, and organophosphate pesticide detection in a point-of-use robotic field platform that is scalable, economical, and adaptable for different security, environmental, and food-safety applications.
Introduction
There is an urgent need for sensor technologies that can monitor hazardous materials in a variety of security and environmental applications. In particular, the occurrence of organophosphate (OP) pesticide residues in agricultural products threatens both human and animal health and poses a serious concern in the food and agriculture industries. [1] [2] [3] OP compounds are also a security threat as chemical warfare nerve agents. 4 OP pesticides and nerve-agents are highly toxic to the nervous system, and can cause neurological disorders, infertility, fetal birth defects, and even rapid death. 3, 4 Rapid on-site detection of OPs in the solid, liquid, and vapor states has been demonstrated using wearable sensor systems. [5] [6] [7] [8] However, these examples require a human operator to be put at risk of exposure to hazardous OP compounds. Remote robotic sampling and sensing platforms are needed to avoid placing people in unsafe environments. [9] [10] [11] Such safety and security concerns have motivated us to combine physical and chemical sensors that enable robotic manipulators to carry out remote, point-ofuse chemical analysis. The novel combination of chemical sensors for screening for OPs and pressure sensing capability allows delegation of the detection mission to robots, providing them with haptic capability to handle arbitrary samples.
Conceptual insights
There is a pressing need to enable rapid on-site detection of dangerous materials such as organophosphates for security and environmental applications, especially through remote robotic sampling that can minimize the exposure of humans to these hazardous chemicals. A robotic manipulator with tactile feedback is needed to collect samples and to carry out chemical analysis. Such a combination of physical and chemical sensing has not been reported thus far. In this paper, we introduce a novel glove-based sensing system that offers simultaneous real-time monitoring of pressure and chemical signals. The data obtained in this study demonstrate a flexible platform that integrates pressure and chemical sensing and is extendable, as the printed chemical sensor can be easily modified for detecting different analytes. Moreover, the sensors can easily retrofit on existing robots, converting them to economical on-site screening devices for health, environmental, and security applications, where timely chemical information is critical. Such new capabilities would thus bring advanced analytics directly to robotic fingertips.
Materials Horizons
Here, we introduce a flexible glove-based sensing system that offers simultaneous real-time monitoring of pressure and chemical signals. The combination of physical and chemical sensing has rarely been reported, and chemical, pressure, and temperature signals are usually monitored separately in health monitoring devices, 12 with the exception of a recent example of an epidermal biomedical electrocardiogram-lactate patch. 13 Temperature measurements have been combined with the reading of different signals, including biochemical or electrophysiological signals, pressure, and/or strain. [14] [15] [16] However, there is no demonstration of robotic point-of-use combined pressure-chemical sensing. Our integrated sensors are printed at low cost to be disposable, and hence easy to be stripped off for the purpose of decontaminating robots. The integrated sensors are conformal to retrofitting manipulators for the simultaneous pressure and OP pesticide sensing, to augment surfaces with sensors and extend machine versatilities.
To avoid harming either the robot or the object in contact as a result of uncontrolled force, tactile feedback is desired during the sample collection step. This is especially relevant for scenarios where gentle contact with delicate agriculture produce is essential. To provide tactile feedback, pressure sensors based on piezoelectric, resistive, or capacitive mechanisms are available. 12, [17] [18] [19] For targeted applications, capacitive pressure sensors are preferred due to the advantages of low sensitivity to temperature and relative humidity changes, low power consumption, high reproducibility, and static pressure detection capability. 18, 20, 21 The sensitivity of a capacitive sensor is tunable by adjusting the dielectric compressibility; for instance, the sensitivity is increased by choosing softer materials, i.e. elastomers with lower elastic moduli, and by designing porous structures [20] [21] [22] [23] [24] [25] that further lower elastic moduli from 1 GPa in solid films to around 1-10 MPa in foam dielectrics. 20 Indeed, the sensitivity of porous structures was found to be around 1-2 orders of magnitude higher compared to that of non-porous dielectrics using the same material. [22] [23] [24] [25] Porous structures with well-defined patterns usually exhibit higher sensitivity than arbitrary patterns; 12, 21, 23 however, their fabrication is highly complex. Here, the foam structures of the pressure sensors are easy to fabricate and are optimized by air-to-solid volume ratios for sensitivity and reproducibility to the range of pressures typical for object manipulation in the low (1-10 kPa) and medium (10-30 kPa) pressure regimes.
12,17
The chemical sensor relies on the reaction of the immobilized enzyme organophosphate hydrolase (OPH, highly specific for OP compounds) and the OP analyte in the solid form. 5 The p-nitrophenol product of the OPH reaction is monitored using a three-electrode electrochemical system using square wave voltammetry (SWV) or amperometric techniques. The use of the potentialscanning SWV method further enhances the selectivity of the specific enzymatic reaction towards the field screening of OP threats compared to the fixed-potential amperometric technique. 5, 7 On the other hand, the amperometric detection offers promise toward continuous monitoring applications.
In this research, the chemical and pressure sensors are combined together on disposable nitrile polymer gloves, to allow simultaneous tactile sensing and OP pesticide detection in a point-of-use platform, with no interference with each other. While glove substrates are used here, the sensors are flexible and conformal and easily adjustable to other shapes besides glove surfaces, to equip robots to be on-site screening tools for health, environmental, and security applications where timely chemical information is critical.
Results and discussion
The new physical-chemical hybrid glove sensor integrates the monitoring of the chemical threat with that of physical pressure. Such a dual-sensing ''swipe, sense, and alert'' strategy brings an advanced analytics capability directly to the robotic manipulator. The schematic in Fig. 1a shows the dual sensors integrated on a glove for a robotic hand, wherein the pressure sensor is coupled with a circular swiping pad to collect the chemical threat on one digit, while the chemical sensing electrodes are screen printed onto a separate digit. The electrochemical analysis of the collected threat is carried out by placing the threeelectrode system in contact with the collection pad, as shown in Fig. 1b , and meanwhile the contact pressure is simultaneously monitored during this step as well to confirm a secure contact. By placing the pressure sensor under the glove with the printed sample collection pad (Fig. 1c) , it is possible to combine the mechanical sampling of the chemical threat with simultaneous pressure measurements. A second sensor configuration, where the collection pad is attached directly to the pressure sensor, is also possible. By mounting the pressure sensor under the glove substrate (Fig. 1c) , it is isolated from the outward glove surface with contaminants, which makes this configuration preferred. A glass support was used under the pressure sensors to minimize bending effects. 26, 27 The schematic in Fig. 1d shows that the two sensors are coordinated using a central laptop, which controls the measurement sequence of the two electronic boards catered to each sensor type. The circuit boards are a potentiostat circuit 7 and a capacitance-to-digital converter (CDC, chip FDC1004EVM from Texas Instruments) that simultaneously record data from the chemical and pressure sensors, respectively. The pressure detection mechanism is based on a simple parallel plate capacitor model in Fig. 1e with C = e 0 e r A/d, where C is the capacitance, e 0 is the permittivity of vacuum, e r is the relative permittivity of the material, A is the area of the plates, and d is the distance between the plates. The capacitance sensor is made from a porous polydimethylsiloxane (PDMS) dielectric layer that is sandwiched between two conductive flexible electrodes made of a mixture of Ag particles and PDMS. Applying pressure to the porous PDMS dielectric results in a change in d, and hence in the capacitance. Fig. 1f shows a schematic of the electrochemical detection of an OP compound, methyl paraoxon (MPOx), using the enzyme OPH cast on the glove substrate over the working electrode. The electrochemical response of the OPH reaction product p-nitrophenol is thus proportional to the concentration of the target pesticide (substrate). The digit with the collection pad is brought into
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contact with the digit with the three printed electrodes, coated with electrolyte gel, to achieve a complete electrical circuit for performing the SWV and amperometric measurements.
The pressure sensors in this work are porous PDMS capacitors with an area of 1 Â 1 cm 2 and a thickness of 3 mm ( Fig. 2a and b ).
The porous dielectric is easily patterned by mixing different volume proportions of table salt NaCl into uncured PDMS. After curing, the film is submerged in deionized water to leach out all the NaCl, leaving behind air voids in the PDMS dielectric (Fig. 2c) .
To calibrate the pressure sensors, the capacitance as a function of time was measured under various applied pressures up to B30 kPa (ESI, † Fig S1) . The relative capacitance change DC/C 0 as a function of the applied pressure is shown in Fig. 2d , for different volume percentages (vol%) of air in the sensor. The DC/C 0 value increases as the volume percentage of pores is changed from 41% to 85%. However, for a porosity value of 90 vol%, the structure was not mechanically robust, with collapsed air voids that reduced compressibility. Hence, the most sensitive capacitor is the 85 vol% PDMS foam that reached 455% relative capacitance change per 10 kPa pressure. The sensitivity of these sensors, typically defined as the slope of DC/C 0 as a function of the pressure, was S = 0.057 AE 0.004 kPa
À1
in the 3-20 kPa range ( Fig. 2e and Fig. S2 , ESI ‡). This is 3-5 fold higher than those of other unpatterned porous elastomeric structures in a similar pressure regime, 22, 24, 25 and with a higher operating range compared to a different PDMS foam structure that exhibited similar relative capacitance change. 21 While the DC/C 0 per 10 kPa pressure value of our pressure sensor is 3-4 fold lower than that of photolithographically patterned porous PDMS sensors, its fabrication process is much simpler. 23 In addition, the highest sensitivity of the 85 vol% PDMS foam sensors that was measured to be 0.30 AE 0.08 kPa À1 in the very low pressure regime o0.05 kPa (Fig. S2 , ESI ‡) is in the same order of magnitude as state-of-the-art porous PDMS sensors. 23 There is a transition in the slope around 10 kPa for the 41, 80, and 90 vol% porosity sensors (Fig. 2d) , when the compressibility of the dielectric starts to saturate. For the 85 vol% PDMS porous sensors such transition is not noticeable. Effectively, such slope change enables the detection of higher pressures. The capacitors with 80 and 85 vol% air were pressed for 50 cycles and showed no significant change in performance, demonstrating the stability of the pressure sensors ( Fig. 2e and Fig. S3 , ESI ‡). The calibration curves for 10 different pressure sensors are shown in Fig. S4 (ESI ‡), demonstrating sensor reproducibility, and we note that this approach is easy and scalable for modeling porous structures over large areas. The chemical sensors were individually calibrated with analytes in the liquid phase, as shown in Fig. 3a limit of detection in the liquid phase reaches down to 20 mM, as shown in Fig. S3 (ESI ‡), with the response increasing linearly up to 180 mM before it reaches saturation. According to the National Institute for Occupational Safety and Health in the US, cytogenetic effects and DNA damage to human sperm were found for B300 mM h À1 . The detection limit of our OP sensor is thus sufficient for monitoring toxicity levels relevant to human health. Subsequently for trace solid detection, Fig. 3b displays the typical procedure for point-of-use pesticide screening, such as that on the surface of a tomato sample. Such solid detection relies on the mechanical accumulation of the OP sample residues. The model MPOx pesticide was thus used to contaminate the tomato surface using 200 mL solution at 200 mM concentration, in comparison with a control surface (a tomato without MPOx). After the solution evaporated and the tomato surface was dried, the first step was to swipe the sample surface using the manipulator digit containing the carbon collection pad. Then, to initiate electrochemical measurements, the collector pad was pressed against the measurement electrodes to complete the electrochemical cell, and signal generation was based on the biocatalytic activity of the immobilized OPH enzyme. Note that during this step the pressure was also measured, as will be illustrated in the following sections. Fig. 3c reveals a clear voltammetric detection of MPOx on the contaminated tomato. The distinct SWV peak at around +0.80 V, associated with the nitrophenol product, shows an efficacious detection by the printed chemical sensor for screening tests. Notice the small shift in the peak potential of the dry test compared to the liquid-phase measurements (Fig. 3a) that reflects the nature of the dry test (and the corresponding electrolyte-gel coating). Fig. 3d illustrates the response of the non-spiked control sample, wherein a flat baseline curve was obtained without any voltammetric signature of the phenolic product.
The key to remote robotic measurements was the coordination of touch and chemical sensing procedures. Fig. 4 shows simultaneous monitoring of pressure and chemical signals.
The readings from the pressure sensor indicated that the manipulator's collection pad was in good contact with the sample surface during the collection step (yellow region). Subsequently, the collection pad was brought into contact with the measurement electrodes during the chemical detection step 
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(gray region). There is negligible difference in the pressure sensor capacitance (less than 0.1 pF change in capacitors of 4-8 pF; namely, less than 2% change) before and after the analyte collection. In Fig. 4a , the electrochemical SWV scans in the inset were initiated when the collection pad was pressed and in good contact with the measurement electrodes, as evidenced by the exceeding pressure. The peak observed in the SWV measurement showed positive detection of MPOx on the contaminated tomato sample. In addition to SWV, another electrochemical detection approach was to measure amperograms at a fixed potential, corresponding to the oxidation of the nitrophenol enzymatic reaction product. Thus, in Fig. 4b and c the electrochemical sensor current was continuously monitored at +0.7 V. Meanwhile, the pressure signals indicated that the manipulator was pressed onto the sample during the collection phase so that the collection pad and measurement electrodes were in good contact for proper electrical connections during electrochemical measurements. We observe that with a low pressure of B2 kPa, the chemical reaction already took place. The detection of solid analytes is qualitative to determine the presence or absence of MPOx. The current response of the electrochemical sensor increased for the tomato sample spiked with MPOx, as shown in Fig. 4b . The current slightly faded with time because the reaction product was consumed. As a control confirmation, no current change was observed for the tomato with no pesticide, as shown in Fig. 4c. Overall, Fig. 4 shows that pressure and chemical signals can be measured simultaneously with no interference between them.
Conclusions
We described a robotic retrofitting device that can simultaneously measure the chemical target and pressure using the same glove form factor. Our integrated glove incorporated pressure and chemical sensors to coordinate a point-of-use procedure for robotic manipulators to carry out remote detection of an organophosphate pesticide, methyl paraoxon. By combining haptic capability and chemical sensing functionality, the sensor glove increases the range of missions that robots can perform. A similar 'swipe and detect' dual-sensing procedure could benefit the remote detection of other hazardous materials, particularly explosive residues. The printed flexible sensors are economical for augmenting machine surfaces with sensing capabilities. While a glove form factor was demonstrated here, the sensors could be used to retrofit conformally on other shapes.
Here, the capacitive pressure sensors showed more than 55% relative capacitance change per 10 kPa pressure, with a sensitivity (S) of 0.057 AE 0.004 kPa À1 in the 3-20 kPa range and a maximum sensitivity of 0.30 AE 0.08 kPa À1 in the subtlepressure regime o0.05 kPa. The operation range tested was up to B30 kPa, yet the sensors show no saturation at this point; hence, their operation range could be extended even further with proper calibration. The electrochemical sensors displayed a lower detection limit of 20 mM MPOx in the liquid phase and reached saturation at 180 mM MPOx. This point-of-use robotic glove could be used as the frontline protection of OP threat and pesticide screening, avoiding human exposure to contaminated produce. The promising data obtained in this study supports the possibility of developing advanced flexible, retrofitting sensors that integrate multiple chemical and physical sensors on the same platform. The platform is extendable in terms of increasing the numbers and types of chemical sensors to other applications, as the printed chemical sensor can be easily modified not only for detecting different analytes in agricultural applications, but also for detecting security and environmental hazards. Such new capabilities would thus bring advanced analytics directly to ''robotic fingertips''.
Methods

Chemicals and reagents
Purple nitrile powder-free exam gloves (Kimberly-Clark, Roswell, GA), carbon ink (E3449, Ercon, Inc., Wareham, MA) and Ag/AgCl ink (E2414, Ercon, Inc., MA), potassium ferricyanide, dipotassium hydrogen phosphate (K 2 HPO 4 ), potassium dihydrogen phosphate (KH 2 PO 4 ), methyl paraoxon, Nafion, agarose and ethanol were purchased from Sigma-Aldrich. All purchased chemicals were of analytical standard grade and were used without further purification. Ultrapure deionized water was used in the preparation of aqueous electrolyte solutions. Polydimethylsiloxane (PDMS) base and a curing agent (Sylgard 184, Dow Corning), sodium chloride (NaCl, Fisher Chemical), and conductive epoxy (CW2400, Chemtronics) were used for pressure sensor fabrication. Tomatoes were purchased from local shops of San Diego, CA. The OPH enzyme (10 mg mL À1 )
was isolated from E. coli bacterial strain DH5a. The isolation, expression, purification, and crystallization were performed following the procedure described elsewhere. 28 The OPH enzyme stability in Nafion was evaluated for several days with a stable electrochemical response observed for one week, after which the response decreases gradually.
Pressure sensor fabrication
To prepare a PDMS foam dielectric, the curing agent was mixed with PDMS base in a 1 : 10 weight ratio. The PDMS mixture was then thoroughly mixed with NaCl. To achieve different volume percentages of porosity 25 for this study, the NaCl to PDMS volume ratio was adjusted accordingly. The mixture was placed into a Petri dish and pressed to a desired thickness prior to curing it on a hot plate at 90 1C for about 90 minutes. After curing, the material was placed into a large beaker with deionized water to leach out all the NaCl, leaving behind air voids in the PDMS. Water was changed several times over a 24-48 h period to ensure that all the NaCl had been leached out. The remaining PDMS foam was then air-dried and cut into 1 Â 1 cm 2 pieces prior to the attachment of electrodes.
To fabricate flexible Ag electrodes, the PDMS mixture was cast in a rectangular mold that was roughly 400 mm deep, prior to curing it on a hot plate at 90 1C for 1 h, to form the outermost encapsulation layer. The mold base was a glass slide, while its walls consisted of 3 stacking layers of duct tape. For the conductive layer of the electrodes a flexible conductive layer was made of a mixture of Ag particles and an elastomer. 29, 30 In particular, Ag/AgCl ink was mixed thoroughly with the PDMS mixture, at weight percentages of 12.5% and 87.5%, respectively. PDMS was used in this mixture to enhance the flexibility of the cured silver electrode and improve adhesion to the dielectric, while a high content of Ag reduced the electrical resistance of the electrode to B0.5 O. 31 The conductive mixture was deposited on the pre-made PDMS encapsulation layer via a doctor blade and cured at 100 1C for 1 h. After curing, a small area of the conductive electrode was blade coated with a very thin layer of the PDMS mixture, which functioned as a 'glue' layer between the PDMS foam dielectric and the electrode. PDMS foam pieces each with an area of 1 Â 1 cm 2 were placed on the uncured PDMS and cured at 90 1C for 30 min. The attachment process was repeated for the second sensor electrode. The exposed areas of the electrode were connected to thin electrical wires using conductive epoxy, and then covered with a PDMS layer followed by curing at 90 1C for 30 min for protection. The thin electrical wires connected the sensor to a capacitance-to-digital converter (CDC) board.
Pressure sensor calibration and pressure detection
For the calibration of each pressure sensor, the capacitor was connected to a CDC board (FDC1004EVM, Texas Instruments Incorporated) or to an LCR meter (E4980AL, Keysight). The initial capacitance C 0 was measured without an applied pressure. Then different known weights in ascending order were placed on a plastic holder on top of the capacitor, which was placed on a solid surface, and the corresponding capacitance to each weight was recorded (Fig. S1 , ESI ‡). The plastic holder served two purposes:
(1) to eliminate the interference between the metal weights and the capacitor and (2) to ensure a constant contact area. The corresponding pressure P to each weight was calculated using the equation P = F/A = mg/A, where F is the applied force, m is the known mass of the placed weight, g = 9.81 m s À2 is the gravitational constant, and A is the contact area onto which the pressure was applied. The calibration curve DC = C À C 0 vs. P allowed conversion of the measured capacitance to pressure.
Chemical sensor fabrication
The Ercon carbon and Ag/AgCl inks were used for screen printing of the sensors onto gloves. 30 The fabrication utilized a semiautomatic MPM-SPM screen printer (Speedline Technologies, Franklin, MA). The mask for the sensor printing was designed using AutoCAD (Autodesk, San Rafael, CA) and purchased as stainless steel through-hole 12 00 Â 12 00 framed stencils of 125 mm thickness (Metal Etch Services, San Marcos, CA). The finger design planar glove molds (10.0 Â 2.3 Â 1.3 cm 3 dimensions) were designed using SolidWorks 3D CAD (DS SolidWorks, Waltham, MA) and produced using a Mojo 3D printer (Stratasys, Eden Prairie, MN). The 3D printed finger design molds were inserted into the purple nitrile gloves, to enable a planar printing surface, immediately before screen-printing the sensor structures. The printing method of the electrodes involved a 125 mm thick layer sequence of (a) Ag/AgCl ink, (b) carbon ink from Ercon and (c) a protecting insulator layer composed of flexible, stretchable adhesive (Aleene's, Inc., Fresno, CA). The Ag/AgCl-ink was used for the reference electrode, whereas the carbon ink was used for working and counter electrode printing. The insulating layer was printed onto the Ag/AgCl interconnects to offer a dielectric separation of the three-electrode system and avoids device short-circuits. For the collection pad, a circular carbon ink based pad disk was printed. The screen-printed sensor electrode patterns were cured at 70 1C for 10 min after each layer was printed.
Prior to the OPH enzyme immobilization, the sensor surface was cleaned by applying cyclic voltammetry (CV) in the range 0.2 to +1.0 V using 0.01 M sodium acetate buffer (pH 4.5) with a scan rate of 0.1 V s À1 for 20 cycles. Later, the enzymatic bioreagent layer was fabricated by coating the working electrode with a mixed Nafion/OPH layer. This was accomplished by first preparing a solution of 1% Nafion in ethanol, and a separate solution of OPH enzyme (20 mg mL À1 ) in 0.1 M phosphate buffer (pH 7.4). The Nafion and OPH solutions were then mixed (500 mL) at a 7 : 3 v/v ratio and a 5 mL aliquot of this mixture was drop-cast onto the clean working electrode surface (on the index finger). The electrode was allowed to dry at room temperature for at least 3 h.
Pesticide detection using a glove biosensor
MPOx was first detected in the liquid phase to assess the performance of the fabricated glove biosensors. The analyses of OPs in the liquid and dry phases were carried out inside the fume-hood following firm safety measures. Experiments were conducted by varying the MPOx concentrations from 20 to 200 mM in the liquid phase. SWVs were recorded at room temperature (22 1C) using the enzyme-modified carbon electrode as the working electrode through the electronic board attached to the glove. These voltammograms were recorded using an electrochemical analyzer (CHI 1232A, CH Instruments, Austin, TX) controlled by MATLAB through a measuring interface between the +0.3 V and +1.2 V potential range using a SWV frequency of 10 Hz, an amplitude of 25 mV, and a 4 mV step. For detection in the solid phase, a food sample tomato surface was first wiped with 70% ethanol, then distilled water and dried. Subsequently, the tomato surface was contaminated using OP compound methyl paraoxon (200 mM in 5% v/v acetonitrile). A 200 mL aliquot of MPOx was cast on the surface of the tomato, and the aliquot was allowed to dry to a residue through evaporation at room temperature. The tomato surface was rubbed using the digit with the collection pad to mechanically collect analyte residues onto the printed carbon disk. A conductive semisolid agarose gel matrix was used to complete the electrochemical cell by following a previous paper. 5 In brief, a mixture of 0.5 wt% agarose in a 100 mM KCl and 100 mM KH 2 PO 4 buffer was heated in a small glass vial at 100 1C for 15 min (600 rpm, until homogenized). The solution was then added to the sensor surface to solidify. The digit with the collected analyte residues was brought into contact with the other digit containing the conductive electrolyte gel to achieve a complete electrical circuit essential for performing the electrochemical measurements. Each glove was used for one-time analysis carried out in the fume-hood for safety.
Positioning the sensors
The chemical sensor was printed onto a nitrile glove as discussed above, and the pressure sensor was placed on a rigid glass support to minimize bending effects and inserted under the printed collection pad prior to using the glove, so it is underneath the glove away from contaminants and potentially can be re-used.
Safety note
Due to the extremely toxic nature of OP compounds, experiments were conducted by following strict safety measures, wearing safety goggles and a respiratory mask.
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